Vernalization: Spring into Flowering  by Dennis, Elizabeth S. et al.
Developmental Cell 11, 1–7, July, 2006 ª2006 Elsevier Inc. DOI 10.1016/j.devcel.2006.06.007PreviewsVernalization:
Spring into Flowering
Polycomb group protein (PcG) complexes mediate
epigenetic processes in plants as well as in animals.
We discuss recent progress in understanding the
varied roles that Polycomb complexes play in the
epigenetic control of vernalization—the promotion of
flowering by extended exposure to low temperature.
One of the mechanisms that plants have evolved to trig-
ger the onset of flowering is vernalization, where a plant
requires exposure to an extended period of low temper-
ature in winter before it can flower in the spring. A range
of species use this response, including the laboratory
model plant Arabidopsis and the commercially impor-
tant cereals, wheat and barley. Vernalization has all the
hallmarks of an epigenetic phenomenon—the vernalized
state is reset each generation, there is no transmissible
signal (cell autonomous mechanism), and there is mitotic
inheritance of the vernalized state through a cell lineage.
InArabidopsis, expression of the MADS box gene FLC
is the main determinant of whether the plant has a vernal-
ization response (Sheldon et al., 1999; Michaels and
Amasino, 1999). FLC is a repressor of flowering, which
is downregulated by the extended cold period. After
plants are returned to warmer temperatures, the lower
level of FLC expression is maintained and the transition
to flowering is accelerated. Vernalization leads to loss
of histone H3 acetylation (a mark of active chromatin)
and to methylation of H3 lysines 9 and 27 (marks of inac-
tive chromatin) at the FLC locus (Sung and Amasino,
2004; Bastow et al., 2004), consistent with this being an
epigenetic mechanism. The plant homeodomain protein
VERNALIZATION INSENSISTIVE 3 (VIN3) is required for
the vernalization response and appears to be involved
in histone deacetylation (Sung and Amasino, 2004).
VIN3 expression increases during vernalization, the level
of induction being proportional to the length of the cold
treatment. As the acceleration of flowering is propor-
tional to the length of time in the cold, the level of VIN3
expression may be part of a mechanism to measure
duration of cold exposure. VIN3 expression ceases on
return to warmer temperature. VRN2, which encodes
a homolog of the Drosophila Polycomb group protein
(PcG) Suppressor of Zeste 12 [Su(Z)12], is also required
for the vernalization response (Gendall et al., 2001).
Su(Z)12 is a member of Polycomb Repression Complex
2 (PRC2) that has histone H3 lysine 27 methyltransferase
activity, suggesting that a Polycomb-like complex in-
volving VRN2 may be responsible for the methylation
of histone H3 observed at theFLC locus following vernal-
ization. A possible sequence of events is that VIN3-
mediated histone deacetylation allows histone methyla-
tion by a VRN2 Polycomb complex.
Vernalization has been postulated to be a two-step
process—initial downregulation of FLC followed by
maintenance of the repressed state by the Polycombcomplex. In fact, deletion of an intronic ‘‘vernalization
response element’’ required for maintenance of the
silenced state does not prevent the initial repression of
FLC by cold temperature (Sung et al., 2006). Thus, the
initial response is separable and is mediated by other
sequence elements, perhaps in the promoter or else-
where in the first intron. Moreover, a recent paper has
suggested that the VRN2 PRC2 complex determines
the extent of downregulation but not the maintenance
of FLC repression (Sheldon et al., 2006). In animals,
PRC1 (Polycomb Repressive Complex 1) is required to
maintain PRC2-mediated repression; however, no ho-
mologs of PRC1 components have been identified in
plants. Two newly published papers (Mylne et al.,
2006; Sung et al., 2006) provide evidence that LIKE
HETEROCHROMATIN PROTEIN 1 (LHP1) substitutes
for PRC1 in Arabidopsis. They show that this homolog
of Heterochromatin Protein 1 (HP1) associates with
FLC chromatin during vernalization, including the region
encompassing the ‘‘vernalization response element,’’
and that this association is maintained following vernal-
ization. LHP1 is also shown to be required to maintain
the repressed state of FLC following vernalization. In
Drosophila, HP1 is recruited to maintain heterochroma-
tin by interacting with methylated H3K9; however, LHP1
primarily associates with euchromatin, similar to the
distribution of PRC1 in animals. Nonetheless, the re-
gions of FLC chromatin bound by LHP1 correspond to
regions methylated at H3K9 during vernalization (Mylne
et al., 2006; Sung et al., 2006).
It appears that control of FLC activity may have an-
other parallel in Drosophilia—the trithorax proteins
which can activate genes repressed by PcG proteins.
The active H3K4 trimethylated state of trithorax chroma-
tin results from competition between the repressive PcG
complex and an activating PAF1 complex. Arabidopsis
contains PAF1 homologs and a H3K4 methyltransferase,
which are required for FLC activity. The association of
LHP1 with FLC chromatin may help prevent activating
complexes, which resemble PAF1, from transcribing
FLC and causing reactivation of FLC after return to the
warmer temperatures.
The Arabidopsis VRN1 gene (a plant-specific protein
containing DNA binding domains) is also required
for the maximum vernalization response (Levy et al.,
2002). It is bound to FLC chromatin but is also distrib-
uted throughout the nucleus. It is localized to all Arabi-
dopsis chromosomes and remains associated through-
out mitosis but not through male meiosis. The action of
VRN1 is required for the H3K9 methylation mark at FLC
chromatin, so its activity may be required for LHP1
association with FLC chromatin. The fact that VRN1 is
absent from the chromosomes during male meiosis
may provide a means to reset the vernalization mecha-
nism in the next generation.
Overall, these results are beginning to show how epi-
genetic regulation of FLC can account for vernalization
in Arabidopsis. However, FLC has not been detected
outside the Brassicacae and so the molecular pathways
of vernalization in cereals must be different. The VRN1
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2genes of wheat and barley, homologous to each other
but not to the VRN1 or VRN2 genes of Arabidopsis,
have been defined genetically as the major controllers
of vernalization. VRN1 is a MADS box gene but has a se-
quence similar to the floral homeotic gene, AP1, rather
than the floral repressor, FLC. VRN1 expression is in-
duced by vernalization, but the mechanism of regulation
is unknown. Does a PcG complex mediate wheat ver-
nalization? There are homologs of all the PRC2 genes
in wheat and a likely homolog of VIN3. There is no ge-
netic evidence for a role of any PcG protein in vernaliza-
tion in cereals. Equally, there is no information regarding
changes in histone modification of the VRN1 chromatin
or that of any other gene in these plants.
It is worth noting that a recent paper by Scho¨nrock
et al. (2006) identifies a secondary vernalization path-
way in Arabidopsis that is FLC independent. Although
there is no direct homology to cereal VRN1 genes, this
pathway also regulates a floral promoter MADS box
gene, AGL19, which is induced by vernalization. A
PcG complex containing a different Su(Z)12 homolog,
not VRN2 but EMF2, is involved. AGL19 overexpression
markedly accelerates flowering, but via a different path-
way to FLC; the targets of FLC, FT and SOC1, are not in-
volved. As with the FLC pathway, the AGL19 pathway
requires VIN3 for its action, and AGL19 chromatin
shows increased H3K27 trimethylation following vernal-
ization. However, H3K9 methylation is not observed
making it unlikely that LHP1 is recruited to the AGL19-
mediated vernalization pathway. It will be interesting
to see if functional tests of VIN3 and Su(Z)12 homologs
in other plants ultimately support parallels between the
AGL19 pathway and the cereal VRN1 pathways.
PcG protein complexes control processes in mam-
mals, Drosophila, and plants. The varying componentsDevelopmental Cell 11, July, 2006 ª2006 Elsevier Inc. DOI 10.1016/j.d
A GAP in Convergent Extension
Scores PAR
The process of ‘‘convergence and extension’’ regu-
lates cellular intercalation during gastrulation. An
ArfGAP-PAR protein complex is required for the asso-
ciated cellular polarization. Potential interactions be-
tween this complex and relevant planar cell polarity
factors in this context are discussed.
An important aspect of vertebrate gastrulation and neu-
rulation is the process referred to as convergence and
extension (CE), which leads to proper cellular intercala-
tion and thus the extension of the body axis, driven by
the convergence of lateral cells to the midline and their
intercalation (Keller, 2002). Although progress has beenand the accessory proteins which give specificity to
these complexes are being unraveled by a combination
of genetics and genomics. We await the detailed knowl-
edge of how the PcG proteins are regulated by low tem-
perature to silence repressors of flowering and ensure
flowering occurs in spring.
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made in our understanding of some of the signaling fea-
tures during CE, the associated cell biology and molec-
ular mechanisms that regulate cell morphology and
movement are largely unclear and many questions re-
main. How is the cellular movement regulated at the cel-
lular level?
In this issue ofDevelopmental Cell, an elegant series of
experiments addresses the roles of an ArfGAP (called
XGAP) and proteins of the PAR group during CE
(Hyodo-Miura et al., 2006). XGAP was identified as an
mRNA, which when overexpressed could interfere with
CE and was subsequently shown by gene knockdown
to be indeed required for normal CE to occur (a trade-
mark of most factors acting in this context is that too
much of it is as bad as too little). XGAP is shown to re-
strict or localize the protrusive activity within converging
cells. Strikingly, the GAP (GTPase activating protein) do-
main of XGAP is neither necessary in rescue experiments
